Introduction {#S5}
============

Obesity is one of the leading public health issues of our time, associated with more than 112,000 cardiovascular deaths ([@R1]) with a cost of up to 147 billion dollars per year ([@R2]). Obesity is a key risk factor for most cardiovascular disease risk factors, and is associated with an increased risk of all-cause mortality as well as cardiovascular mortality ([@R3], [@R4]). Despite this, obesity continues to rise, and recent data show that obesity affects more than one-third of the adult population in the United States ([@R5]). Therefore, a better understanding of the etiology of the obesity epidemic is critical to the development of effective preventive measures.

Genetic and environmental factors have been linked to obesity ([@R6]). Body mass index is heritable ([@R7], [@R8]), suggesting a strong familial component. In addition, several small studies have suggested that parental body weight is associated with offspring body weight ([@R9]--[@R13]), underscoring the importance of the parental environment in predicting offspring weight. Whether the familial environment represents shared lifestyle habits among family members as compared to the interaction of genetic load with the obesogenic environment is unknown. Therefore, the aims of the current study were to assess whether the association of parental obesity with offspring BMI has changed over time. In order to try and parse out whether the association between parental obesity and offspring BMI is more likely to be representative of the physical environment as compared to the interaction of lifestyle on genetic load, we created a genetic risk score of well-validated genetic polymorphisms with BMI and assessed whether the association between the genetic risk score and BMI has changed over time. We asked these questions in the Framingham Heart Study, a family-based study with over 50 years of longitudinal data in which to explore the association of parental history and the development of offspring obesity over time.

Methods and Procedures {#S6}
======================

Study Sample {#S7}
------------

Starting in 1948, 5209 women and men, 28 to 62 years of age, were enrolled into the Original Framingham Heart Study cohort. In 1971, Offspring and their spouses (n=5124) were enrolled in the Offspring cohort. In 2002, the Third Generation was recruited (n=4095), representing the children of the Offspring cohort. Selection criteria and study design ([@R14], [@R15]) have been previously described. The routine clinic examinations included interviews, physical examinations, laboratory tests, and electrocardiograms. The study was approved by the institutional review board of the Boston University Medical Center. All subjects provided written informed consent.

We conducted 3 separate sets of analyses (see [Supplemental Figure 1](#SD1){ref-type="supplementary-material"} for an overview). Framingham Offspring and Third Generation study participants were included if they had two parents in the Original cohort or the Offspring cohort, respectively. For Study 1, we posed the question of whether children of obese parents were more likely to be obese themselves, and whether this association has changed over time. The Offspring and Third Generation baseline examination was considered the index examination for the present study for the adiposity component of this analysis (Study 1). Overall, of the 2594 Offspring (Generation 2) participants with both parents in the original cohort, we excluded 88 individuals due to age below 18 and further 14 due to missing BMI or smoking status covariate at baseline examination, leaving 2492 participants for analysis. Of the 2873 Third Generation participants with both parents in the Offspring (Generation 2) cohort, we excluded 4 due to missing BMI or smoking status covariate at baseline examination, resulting in 2869 participants available for analysis. For Study 2, we examined weight change among individuals with obese parents compared to non-obese parents. Specifically, we examined incident weight change and obesity based on 1866 offspring individuals who attended exam 1 and were free of obesity at baseline.

For Study 3, we asked whether the association between a genetic risk score comprised of well-validated SNPs for body mass index and BMI has changed over time. Here, we computed a genetic risk score using exam 1 across all three Framingham Heart Study cohorts among individuals with DNA as part of a genome-wide association study (n=952 original cohort, n=3318 offspring cohort, n=3778 Third Generation cohort).

Exposure Assessment {#S8}
-------------------

Weight was measured at each examination, to the nearest pound with the participant wearing only a gown without slippers or shoes, standing in the middle of the scale (Detecto Scale, Worchester Scale Co.) with weight equally distributed on both feet. Parental obesity in the Original and Offspring cohorts was defined as BMI of at least 30 kg/m^2^ in a parent during at least one Framingham examination.

Outcome Assessment {#S9}
------------------

We examined the association of parental obesity with BMI and obesity status at the first Offspring and Third Generation cohort examinations. In the Offspring, we also examined the risk of developing obesity, as well as mean weight change over time based on parental obesity.

Covariate Assessment {#S10}
--------------------

Smoking status was defined by smoking cigarettes in the year prior to the examination. A three-level smoking variable was created for longitudinal analyses: never, current, or stopped smoking in the interim. Baseline BMI was also included as a covariate in longitudinal analyses.

Genetic Analyses {#S11}
----------------

Samples from the Framingham Heart Study were genotyped (Affymetrix GeneChip® Human Mapping 500K array set, 50K supplemental array set, Santa Clara, California) as part of the SHARE project. After excluding samples based on call rate \< 97%, excess participant heterozygosity, and excessive Mendelian errors, 8,048 participants had data for inclusion in the present analyses. We selected 32 well-replicated single nucleotide polymorphisms (SNPs) that have emerged from genome-wide association studies with BMI ([@R16]). Imputation scores, defined as a score that reflects the quality of the estimated genotype using imputation to Hapmap, for these SNPs can be found in [Supplemental Table 1](#SD1){ref-type="supplementary-material"}; the median imputation score was 0.99.

Statistical Methods {#S12}
-------------------

Study sample characteristics were evaluated based on no affected parents, 1 affected parent, or 2 affected parents in both the Offspring and Third Generation cohorts using generalized estimating equations (GEE) to account for sibling relationships. All children of the same parents formed separate clusters. Modeling parental obesity (using the three exposure definitions above), least square means for BMI based on 0, 1, or 2 affected parents were calculated after adjustment for age, sex, and smoking status; p-value for trend through the three categories was calculated using a GEE model. We examined the difference in the impact of parental history on the Offspring as compared to the Third Generation by placing a cohort-by-parental obesity interaction term in the models.

In longitudinal analyses using the Offspring cohort only, in the first set of models, individuals with obesity were excluded at baseline (examination 1) and then followed for the development of obesity using pooled repeated observations using Poisson regression in the GEE. Poisson regression was used in order to report risk ratios rather than odds ratios, as risk ratios may be a more interpretable measure of relative risk. In another set of models, the GEE were used to examine weight change over time. Models were adjusted for age, sex, smoking status, and baseline BMI.

The genetic risk score was created by taking 32 well-replicated SNPs in association with BMI ([@R16]) and creating a score which gives participants either a 0, 1, or 2 at each locus depending on the number of risk alleles the participant harbors; the identity of these SNPs can be found in [Supplemental Table 1](#SD1){ref-type="supplementary-material"}. Thus, the score can theoretically range from 0 to 64. For the genetic risk score association analyses, we created residuals for BMI in the Original Cohort, Offspring cohort, and Third Generation that were sex-specific and adjusted for age, age-squared, and smoking. Using linear mixed effects modeling to account for familial relatedness, we examined the association between these residuals and the genetic risk score; results are presented per 1-risk allele increase in the score in association with BMI. We then examined the magnitude of the beta coefficient using a test of trend across all three generations. Finally, we tested for the presence of an interaction between time period and the genetic risk score on mean BMI levels. We used a linear test of the interaction between a single cohort variable (0,1,2) and the interaction with the score, where the null is slope=0. This interaction tests whether the associations are the same for all 3 generations. In a secondary analysis, we recomputed a weighted genetic risk score which factored in the relative beta coefficient of each risk allele instead of assuming 0, 1, or 2 depending on the number of risk alleles.

SAS version 9.1 was used to conduct all analyses except the SNP analyses, in which R was used; p-value\<0.05 was considered significant.

Results {#S13}
=======

Study Sample Characteristics {#S14}
----------------------------

Characteristics of the study samples are shown in [Table 1](#T1){ref-type="table"}. Overall, 2492 offspring Generation 2 and 2869 third generation participants contributed to this analysis. In the Offspring Generation 2, 15.4% had 1 affected parent with parental obesity, whereas in the Third Generation, 26.9% had 1 affected parent. Mean BMI increased with the number of affected parents, and was substantially higher in all three categories (0, 1, 2 affected parents) in the Third Generation.

Mean BMI by Parental Obesity Status {#S15}
-----------------------------------

In the Offspring Generation 2, among those without an affected parent, the mean adjusted BMI was 23.9 kg/m^2^ ([Table 2](#T2){ref-type="table"}). Those Offspring with 1 affected parent had an adjusted BMI of 25.5 kg/m^2^, whereas those with 2 affected parents had an adjusted BMI of 26.9 kg/m^2^ (pvalue for trend\<0.0001). In the Third Generation, similar trends were observed (although mean BMI values were substantially higher): those with no affected parents had a mean BMI of 25.5 kg/m^2^, 1 affected parent had a mean BMI of 27.5 kg/m^2^, and 2 affected parents had a mean BMI of 29.7 kg/m^2^ (p-value for trend\<0.0001). The interaction term used to assess the modification of the association of parental history of obesity on offspring's BMI by cohort was significant (p=0.007), suggesting that the association of parental history on obesity was stronger in the Third Generation.

Parental History of Obesity and Incident Obesity and Weight Change {#S16}
------------------------------------------------------------------

Excluding obese individuals at baseline, those with 1 affected parent were not at increased risk for developing obesity (risk ratio \[RR\] 1.05), whereas those with 2 affected parents were at a 37% increased risk of developing obesity (p-value for trend=0.009; [Table 3](#T3){ref-type="table"}). Incident weight change followed similar patterns: those with 0, 1, and 2 affected parents gained an average of 1.98, 2.25, and 3.65 kg (p-value for trend\<0.0001), even after accounting for baseline weight.

BMI Genetic Risk Score Effect Sizes by Time Period {#S17}
--------------------------------------------------

In order to try to disentangle the environment from underlying genetic associations, we explored the magnitude of association of BMI across three cohorts of Framingham Heart Study participants in association with a genetic risk score for BMI. The genetic risk score ranged from 28.4 to 28.5 across all three time periods. As expected, the association between the genetic risk score and BMI was significant at each time period (p-value ranging from 0.009 to 1.8\*10^−13^). However, we observed no change in the magnitude of the association between the genetic risk score and BMI from 1948 to 2002 (p-value for trend=0.11, [Table 4](#T4){ref-type="table"}). When we recalculated the genetic risk score using a weighted approach, the results were not materially different (data not shown). Finally, there was no evidence for an interaction between time period and the genetic risk score on mean BMI levels.

Discussion {#S18}
==========

The prevalence of parental history of obesity is high, and it has increased in more recent time periods. Parental history of obesity is an important risk factor for increasing BMI among offspring of affected parents, in a dose-related manner (i.e. stronger association for those with 2 as compared to 1 affected parent). The association of parental history of obesity is stronger in the later (Third Generation) time periods. Even upon exclusion of obese individuals, parental history of obesity was associated with weight gain and the development of incident obesity over time. Despite a stronger association of parental obesity with offspring BMI in more contemporary time periods, we observed no change in the magnitude of the relation between a BMI genetic risk score and BMI from 1948 to 2002.

The construct of parental history often is used to assess whether a genetic component exists for a disease ([@R17], [@R18]). However, parental history also confers the shared early environment and lifelong lifestyle habits and factors that may be acquired at an early age. This is particularly important for parental history of obesity, which can represent underlying genetic determinants of disease, shared environment, or a combination of both factors. In the present study, we identified that parental history of obesity is an important determinant of offspring BMI and that it has grown more important in recent time periods. On its own, it is difficult to interpret whether this observation is due to shared environment among family members or the shared genetic risk.

Genetic markers can capture the strength of a phenotypic association with genetic variation at given points in time. Indeed, others have used genetic risk scores to identify associations with longitudinal phenotypes ([@R19]--[@R21]). Because genetic risk scores integrate the genetic variation across multiple loci, they can provide a more comprehensive assessment of the variability due to genetic burden for any given trait as compared to an individual SNP. Our goal was to test whether this variability in genetic burden varied over time. The last 60 years have been marked by increases in body mass index ([@R22]) within the Framingham Heart Study and more globally ([@R5]). Our family history analyses in the present paper indicate that the associations of parental history with offspring adiposity have gotten stronger over time. Because the associations between BMI and the genetic risk score have remained constant over time, these findings suggest that it may be the family environment, and not genetic load due to known BMI risk variants, that may explain these observations. The increase in weight could not be accounted for by increased genetic risk, which suggests the familial association with weight change may be due to changed environment.

The role the family environment plays in the epidemic of obesity, either as a genetic underpinning (currently non-modifiable), or an environmental underpinning (modifiable), is critically important to understanding the etiology of the obesity epidemic. We have documented that the genotype distribution for known BMI risk factors in Framingham Heart Study participants has remained stable over the last 60 years. Therefore, these findings point to the potential importance of the environment in modulating the risk of obesity. Clinically, these findings have potentially important implications for obesity prevention. Our findings highlight the importance of environment as a contributor to obesity. Interventions that target the family environment and not just individuals may ultimately be a more effective way to prevent obesity.

Much of the prior literature focuses on the association with parental BMI and newborn or childhood BMI. Maternal fat stores as assessed by skin-fold thickness have been shown to be associated with newborn body composition ([@R9]). In a study of 24 children of obese or non-obese mothers, maternal body weight status was associated with higher amounts of abdominal fat as assessed by DXA ([@R10]). In a study of 219 families from Australia, paternal obesity was associated with offspring BMI up to age 18 ([@R11]), and maternal obesity has been shown to be associated with offspring metabolic syndrome up to age 11 years ([@R12]). Data from the 1958 British birth cohort study demonstrated an association between self-reported parental BMI and offspring BMI at age 33 ([@R23]); similar results were observed using northern Finland birth cohort data from 1966 ([@R24]), as well as a two-generation study from Scotland ([@R25]). Our findings extend the current literature by examining trends in the importance of family history of obesity in association with offspring adiposity and examining longitudinal weight gain over time. Further, we are able to provide evidence that these familial findings may be due to the shared environment.

Strengths of this study include the well-characterized 3-generation Framingham Heart Study. Further, we used actual parental history of obesity, and did not rely on children's report of their parents' weight status. We were able to assess relations between a BMI genetic risk score and BMI over nearly six decades of observation. Limitations include the inclusion of only participants of European ancestry; whether these findings are generalizable to other ethnic groups is uncertain. We were unable to account for detailed environment factors across all three points in time, including dietary intake and physical activity. We examined common SNPs uncovered in genome-wide association in our genetic risk score. It is possible that variants as-yet undiscovered, or rare variants, may demonstrate different patterns of association over time. Finally, the 32 BMI SNPs have been shown to explain only a small portion of the variance in BMI ([@R16]).

The association of parental history of obesity in association with offspring adiposity has become stronger in more contemporary as compared to earlier, leaner time periods, most likely representing a response to the obesogenic environment.
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###### 

Study sample characteristics, shown by the presence of obese parents

  -----------------------------------------------------------------
                         No affected\   1 affected\   2 affected\
                         parents        parent        parents
  ---------------------- -------------- ------------- -------------
  **Offspring**                                       

  Sample size            1193           977           322

  Age, years             35 (9)         35 (9)        34 (9)

  %Women                 51.3           51.3          51.6

  Current smoking, %     45.5           43.8          46.3

  BMI, kg/m^2^           24.0 (3.5)     25.5 (4.4)    26.8 (4.7)

  Obesity, %             5.5            15.4          21.1

  **Third Generation**                                

  Sample Size            1220           1227          422

  \% Women               52.5           52.0          55.0

  Age, years             41 (8)         40 (8)        41 (8)

  Current smoking, %     14.2           18.7          19.9

  BMI, kg/m^2^           25.4 (4.7)     27.5 (5.5)    29.7 (6.8)

  Obesity, %             14.2           26.9          39.6
  -----------------------------------------------------------------

Data presented as mean (standard deviation)

###### 

Least square means (SE) of BMI in the Offspring and Third Generation based on Parental Obesity Status.

  ------------------------------------------------------------------------------------------------------------------------
                                                     No affected\   1 affected\         2 affected\         p-value for\
                                                     parents        parent              parents             trend
  -------------------------------------------------- -------------- ------------------- ------------------- --------------
  **Body Mass Index (kg/m^2^)**                                                                             

  **Parental Obesity**                                                                                      

    Offspring                                        23.9 (0.10)    25.5 (0.14)         26.9 (0.26)         \<0.0001

    Third Generation                                 25.5 (0.15)    27.5 (0.18)         29.7 (0.42)         \<0.0001

    P-value Interaction                              0.007                                                  

  **Poisson Model for Obesity (BMI\>=30 kg/m^2^)**                                                          

  **Parental Obesity**                                                                                      

    Offspring                                        Referent       2.73 (2.06--3.63)   4.02 (2.90--5.58)   \<0.0001

    Third Generation                                 Referent       1.86 (1.54--2.24)   2.74 (2.24--3.35)   \<0.0001

    P-value Interaction                              0.039                                                  
  ------------------------------------------------------------------------------------------------------------------------

###### 

Incident Obesity and weight change in the Offspring Cohort based on Parental Obesity Status.[\*](#TFN2){ref-type="table-fn"} The referent group are the non-obese parents (0 affected parents). Data presented as OR (95% CI; top panel), or weight (SE), kg (bottom panel) and is presented as 8-year risks. Demographic data is based on characteristics derived from Offspring exam 1.[\*\*](#TFN3){ref-type="table-fn"}

  ----------------------------------------------------------------------------------------------------------------------
                                    0 affected\                   1 affected parent\      2 affected\         
                                    parent\                       \                       parents\            
                                    \                             (n=714)                 \                   
                                    (n=919)                                               (n=233)             
  --------------------------------- ----------------------------- ----------------------- ------------------- ----------
  **Demographic Characteristics**                                                                             

  Age (years)                       36.3 (9.8)                    35.9 (10)               34.8 (9.6)          

  %Women                            52.7                          52.2                    54.9                

  %Current smokers                  40.4                          41.2                    44.2                

  Baseline BMI (kg/m2)              23.7 (2.9)                    24.4 (3.0)              25.1 (2.9)          

  Years of follow-up                8.2 (0.6)                     8.1 (0.5)               8.1 (0.5)           

      **Incident Obesity**          **Risk Ratio (95% CI)**       **P-value for trend**                       

    Parental Obesity                Ref                           1.05 (0.87--1.27)       1.37 (1.11--1.70)   0.009

  **Weight Change (kg)**            **Least Square Means (SE)**                                               

    Parental Obesity                1.98 (0.11)                   2.25 (0.12)             3.65 (0.26)         \<0.0001
  ----------------------------------------------------------------------------------------------------------------------

Models adjusted for age, sex, smoking status, and baseline BMI.

Sample size differences with Table 1 due to exclusions applied for incident analyses.

###### 

Mean Genetic Risk score and Effect estimates (with standard errors) per Copy of the Minor Allele ("risk allele") for a BMI genetic risk score in 3 Generations of the Framingham Heart Study (1948, 1971, 2002)[\*](#TFN4){ref-type="table-fn"}

  --------------------------------------------------------------------------------------------------------------------------------
                                                                Original Cohort-\   Offspring\      Third\          p-value for\
                                                                1948\               Study-1971\     Generation-\    trend
                                                                (n=952)             (n=3318)        2002\           
                                                                                                    (n=3778)        
  ------------------------------------------------------------- ------------------- --------------- --------------- --------------
  **Genetic Risk Score (mean, SD)**                             28.4 (3.5)          28.5 (3.5)      28.5 (3.4)      \-

  **Regression oefficient for MI with the enetic Risk Score**   0.020 (0.008)       0.036 (0.005)   0.033 (0.005)   0.11

  **p-value**                                                   0.009               1.8\*10^−13^    8.5\*10^−12^    \-
  --------------------------------------------------------------------------------------------------------------------------------

Mean age across the cohorts: Original cohort: 44.1 years; Offspring 36.2 years; Third Generation 40.2 years; mean BMI across the cohorts: Original cohort 25.6 kg/m^2^; Offspring 25.1 kg/m^2^; Third Generation 26.9 kg/m^2^.

What is Already Known About this Topic? {#S20}
=======================================

-   Parental history of obesity is known to be associated with offspring adiposity.

-   Body mass index (BMI) is heritable, and there are more than 30 robust genetic variants that have been associated with body mass index in the general population.

What this Study Adds {#S21}
====================

-   Using 3 generations of participants from the Framingham Heart Study, we show that parental history of obesity has become a stronger risk factor for higher levels of offspring body mass index in the current obesogenic environment.
